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Immediately before adsorption to a horizontal substrate, sinking polymer-coated colloids can
undergo a complex sequence of landing, jumping, crawling and rolling events. Using video tracking
we studied the soft adhesion to a horizontal flat plate of micron-size colloids coated by a controlled
molar fraction f of the polymer PLL-g-PNIPAM which is temperature sensitive. We ramp the
temperature from below to above Tc = 32 ± 1◦C, at which the PNIPAM polymer undergoes a
transition triggering attractive interaction between microparticles and surface. The adsorption rate,
the effective in-plane (x − y) diffusion constant and the average residence time distribution over
z were extracted from the Brownian motion records during last seconds before immobilisation.
Experimental data are understood within a rate-equations based model that includes ageing effects
and includes three populations: the untethered, the rolling and the arrested colloids. We show that
pre-adsorption dynamics casts analyze a characteristic scaling function α(f) proportional to the
number of available PNIPAM patches met by soft contact during Brownian rolling. In particular,
the increase of in-plane diffusivity with increasing f is understood: the stickiest particles have the
shortest rolling regime prior to arrest, so that their motion is dominated by untethered phase.
Keywords: colloids, temperature-responsive polymer coating, Brownian dynamics, hindered diffu-
sion, adhesion
During soft adhesion of colloids to a substrate, ends of
polymers protruding from engaged surfaces stochastically
explore the opposite side, increasing the number of at-
tached contacts, so that the soft contact domain evolves
in time [1, 2]. Control of these very final events pre-
ceding the immobilisation are of interest for research on
functional materials, lubrication, cell adhesion etc. [3–
5]. In the present paper we focus on colloids coated by
a controlled molar fraction f of T-responsive polymers
that switch interactions between colloids and the surface
from repulsive to attractive at T = Tc ≈ 32◦C. We ana-
lyze the details of the colloid Brownian motion occurring
just before their adsorption to the surface. Near-surface
Brownian dynamics can be analyzed by direct video 2D
or 3D tracking, either by real-time analysis of the diffrac-
tion pattern [6, 7], by total internal reflection microscopy
(TIRM) [8–10] or by three-dimensional ratiometric to-
tal internal reflection fluorescence microscopy (3-D R-
TIRFM) [11, 12]. The mean-square displacement (MSD)
reveals how the diffusion is hindered by near-surface ef-
fects [13–16]. In the 3D tracking the resident time dis-
tribution (RTD), corresponding to the z-histogram of
the trajectory, has been used for studying the particle-
surface interaction potential [10]. If the adsorption (or
self-aggregation) is irreversible, as it is in our present
case, the situation is clearly out of-equilibrium process.
In such case, the ageing effects in the pre-adhesion phase
were identified in constant shear flux by Kalasin and San-
tore [2] and for a particle held (and released) by optical
tweezers in suspension above a flat surface, by Kumar,
Sharma, Ghosh and Bhattacharya[1, 17]. To bring the
system out from equilibrium we use T-switchable attrac-
tion between colloids and the surface. T-responsiveness
of the polymer Poly(N-isopropylacrylamide) (PNIPAM,
Tc = 32± 1◦C [18]), at varying surface molar fraction f ,
was exploited for analysis of self-association kinetics of
coated microparticles [19, 20].
To control the magnitude of T-triggered interactions,
we coated silica beads (0.96µm) by molar fraction f of
PLL-g-PNIPAM and (1 − f) PLL-g-PEG, (PLL: Mw =
15 − 30 kg/mol; PEG: Mw = 20 kg/mol; PNIPAM:
Mw = 7 kg/mol), see [20] for coating conditions. Aque-
ous dispersion of beads was deposited on the top of flat
glass coverslip, covered by bi-adhesive tape and Mylar
film to obtain 52 mm x 5 mm x 50 µm flow channel. The
coverslip was coated with PLL-g-PEG, ensuring a steric
repulsion for T < Tc. 3D beads motion was observed by
slightly defocus microscopy in parallel illumination deco-
rating bead image with interference rings observed with
a CMOS camera. Particles were tracked in real time
using a PicoTwist apparatus and PicouEye software [6]
allowing sub-pixel resolution (∼ 5 nm) at 50 frames/s,
see Figure 1a. Attraction between the beads and the flat
plate/surface was triggered by crossing the critical tem-
perature Tc, during a T-ramp experiment: the particles
suspension was injected in the cell at 26 ◦C, the temper-
ature was increased at 10 ◦C/min up to 38 ◦C and kept
constant until the end of the acquisition. The fraction
of immobilised particles as function of time is shown on
Figure 1b. Samples with higher PNIPAM coverage f ad-
sorb faster. The characteristic sigmoidal shape of the ad-
sorption kinetics indicates that adsorption rate increases
gradually, corroborating the ageing nature of the pre-
adhesion dynamics of surface engaged particles. If parti-
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2FIG. 1. a) Typical 3D tracking record. Bead was captured irreversibly at t = 15.2 s. Inset: schematic visualisation of
temperature ramp experiment. b) Fraction of adsorbed particles as a function of time in a T-ramp of 10◦C/min between 26◦C
and 38◦C, for a range of PNIPAM ratios f . Solid lines are calculated best fitting adsorption profiles Pa(t).
cles are in contact with the surface and rolling (or crawl-
ing) most of the time, their in-plane average diffusion Deff
is reduced, as it was observed in experiments with finely
thermostated DNA-coated microbeads [16]. In-plane av-
erage diffusion Deff(f) is obtained by fitting the MSDs
extracted from in-plane tracking over the last 16 seconds
before stopping. The mean-square displacement (MSD)
was extracted from particles x(t) and y(t) tracks. For all
values of f MSDs were linear in time over several sec-
onds, indicating that the movement is diffusive. Figure
2a shows Deff(f)/D0, where D0 = kBT/6piµR = 0.67
µm2/ s is the diffusion constant for 1 µm beads in water
far from wall at 38◦C. As we increase f from 2% to 100%,
Deff/D0 increases from∼0.2 to∼0.65. Naively, one would
expect the contrary, that is, stickier are the particles, and
slower is their motion. The puzzle is solved by assum-
ing that the surface engaged beads are much slower than
the untethered ones, and that the time that beads spend
in contact with the surface decreases as f increases. In
fact, beads with high coverage stick rapidly after engage-
ment, while these with low f spend most of their time
rolling, which lowers their diffusion coefficient consider-
ably. The RTD over z, Fig. 2b, obtained by direct 3D
particle tracking confirms that beads with high f spend
most of their pre-arrest time away from surface.
According to the theory of Mani, Gopinath and Ma-
hadavan (MGM) [21] a typical time scale for soft con-
tact ageing is given by τ∗ ∼ µa/nkBT , being a result
of competition between elastic pulling by n sticky poly-
mer tethers per unit surface and viscous (µ) water drain-
ing from the gap between the colloid of radius a and
the flat surface. Moreover, according to [1, 2, 17], the
pre-arrest dynamics of soft adhesion proceeds step-wise,
i.e. the 3D approach is well separated from soft contact
(2D) rolling phase, indicating that the untethered and
the rolling colloids can be seen as separated populations.
Accordingly, to construct the rate equations, we included
three populations in the model. The first is the popula-
tion of untethered colloids, represented by the probability
Pb(t). The second population represents the rolling col-
loids, Pr(t), while the third population of colloids is in
arrest, Pa(t) = 1−Pb(t)−Pr(t). The time zero is chosen
to coincide with the onset of the attractive interactions.
The rate equations read (see Supporting information for
details)
P˙b = −κPb + koff ρ(t/τ∗)Pr
P˙r = κPb − [koff ρ(t/τ∗) + k g(t/τ∗)]Pr , (1)
where κ = 0.17 s−1 is the free sedimentation rate for ac-
tual choice of parameters. It corresponds to the fraction
of particles absorbed per unit time by a totally absorbing
sink [22]. koff ρ(t/τ
∗) is the re-dispersion rate of rolling
colloids, and k g(t/τ∗) is the irreversible stopping rate of
rolling colloids. ρ and g are the effective ”ageing func-
tions”: According to [2, 17, 21] the ”age” can be asso-
ciated with the number of stuck point contacts within
the engaged soft domain. We chose ρ(x) = e−x and
g(x) = 1 − ρ(x) because we want the re-dispersion rate
to decrease and the arrest rate to increase upon ageing.
Initial conditions of the systems are Pr(0) = Pa(0) = 0
and Pb(0) = 1. The central issue of this work is to find
out how the parameters of the model, Eqs. 1, depend
on f . Following MGM, we suppose that the ageing time
τ∗ scales as n−1, but with extended meaning of n as the
effective surface density of sticky tethers visited by the
contact domain during rolling, Fig. 3b. Sticky tethers
for us are the dangling polymers that are able to reach
the opposite bare surface by overcoming the steric shield.
This is possible in the immediate vicinity of the spots
containing collapsed PNIPAM. The effective number of
available sticky tethers is therefore proportional to the
number of PNIPAM spots visited by the contact domain.
For low f , we expect that average width of the contact
domain is wider than typical distance between PNIPAM
3a)
b)
FIG. 2. a) Experimental points: effective in-plane diffusion
Deff(f) obtained by fitting the MSDs immediately before stop-
ping. Bold line: result of our theory. Dotted lines: estima-
tion of the near-wall diffusion hindrance by hydrodynamic ef-
fects near partially absorbing wall in gravitational potential.
Dashed line: same estimation, including Van der Waals po-
tential. b) Residence time distribution W (z) extracted from
tracking records z(t) record, compared to calculated profiles.
Inset: Pb(f), the calculated average time fraction that par-
ticle spend away from the surface during the recording time
interval.
spots. The number of tethers involved is proportional to
the linear density of PNIPAM patches along the rolling
path, i.e. n ∼ f1/2, while for higher f , n becomes pro-
portional to f , since the inter-patch distance becomes
smaller than the width of the searching trail. Notice
that the present argumentation does not prejudice about
details of PNIPAM disposition over the surface, as far
as PLL-g-PNIPAM is disposed in a discrete number of
spots. In particular, the PLL-g-PNIPAM molecules can
be grouped in patches with some size distribution. In or-
der to confirm that present argumentation makes sense,
we assumed that all parameters of Eq.1 depend on f over
a single, monotonically increasing, scaling function α(f),
proportional to the number of available tethers within
the searching area. Accordingly, for the ageing time we
pose τ∗ = τ∗0 /α(f). Since the stopping rate constant k
is supposed to increase with α(f), we put k = k0α(f).
Detachment rate constant should decrease with increas-
ing number of sticking points: we use koff = koff0/α(f).
Calculated Pa(t) using Eqs. 1 were fitted to adsorption
kinetics by adjusting solely the value of α for each f ,
see figure 1b. The absolute scale for α being arbitrary,
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FIG. 3. a) Dot symbols: scaling parameter α(f) fitting the
experiments. Low f and high f regimes are visible. b)
Schematic interpretation of the two regimes. Shaded trail is
the bead surface portion visited by the contact domain during
Brownian rolling. At low f the number of tethers involved is
proportional to the linear density of PNIPAM patches along
the rolling path, while at high f it crosses over to the surface
density.
we choose α(f = 2%) = 1. The fitting parameters are
k0 = koff0 = 0.05 s
−1 and τ∗0 = 350 s for all curves. The
Figure 3a shows the best fitting scaling function α(f). It
is consistent with ∼ √f tendency for low f and is steeper
for high f , which confirms our picture based on interplay
between the discreteness of PNIPAM spots and the finite
width of contact domain.
In order to reproduce the measured in-plane diffusion
Deff, Fig.2a) we must know when (t1) and for how long
(∆t) the tracks are recorded because the process is irre-
versible, so that the average fraction of time that beads
spend in ”b” and in ”r” state is not stationary. We as-
sume that the most probable time t1 is equal tmax(f), the
time of maximal adsorption rate, corresponding to the
maximum slope of kinetics, Fig. 1b. The tracking dura-
tion was ∆t = 16 s, a compromise regarding the number
of particle excursions between ”b” and ”r” and the life-
time of the moving particle starting from t = 0. Deff
is calculated as the average of dinst(t) over ∆t centred
at tmax, which mimics the way in which experimental
Deff is extracted from the tracking. Within the present
theory, it reads Deff ≈ 1∆t
∫ tmax+∆t/2
tmax−∆t/2 dinst(t) dt , where
dinst(t) = [DbPb(t) +DrPr(t)]/[Pb(t) + Pr(t)], Db and
Dr are the diffusion constants for untethered and rolling
particles respectively while Pb(t) and Pr(t) are calculated
by Eqs. 1. The resulting profile of Deff(f)/D0, shown on
Figure 2a) was fitted to experimental data, using values
Db = 0.73D0 and Dr = 0.15D0, while the dependence
α(f) (Fig. 3a) is the same one that fits the adsorption
kinetics, Fig. 1b.
In order to fit the RTD to our theory, we associate it
to the probability distribution function (PDF), W (z) =
P¯bWb(z) + (1 − P¯b)Wr(z) where P¯b is the average Pb(t)
over the observation time of ∆t centred at t = tmax,
P¯b =
1
∆t
∫ tmax+∆t/2
tmax−∆t/2
Pb(t)
Pb(t)+Pr(t)
dt. It is in fact the av-
4erage fraction of time that particle spends away from
the surface during the recording time interval. We take
Wb(z) ∼ e−m˜gz/kBT and assume a phenomenological
rolling particles distribution Wr(z) ∼ e−arz/kbT , with ar
being the apparent weight of rolling particles ar  m˜g.
Calculated distributions W (z) are shown in Figure 2b),
together with P¯b(f) in inset. We see that in the asymp-
totic part of RTD, corresponding to the untethered par-
ticles, is fairly well reproduced by our model, i.e. the
untethered population decreases as predicted, with de-
creasing f .
Disussion. In the light of rate equations-based theory,
Eq. 1 we understand why the sample with the highest f
have also the highest Deff. At high f a large majority of
moving particles are in the suspension far from the sur-
face during tracking, because the rolling regime is very
short (i.e. the stopping is faster than the free sedimenta-
tion k  κ, so that the beads get arrested as soon as they
touch the surface), see inset of Fig. 2b. For low f this
is not the case any more, the beads spend most of their
time engaged in rolling motion, which is much slower.
Eventually, for f . 5%, the theory predicts a rapid in-
crease in Deff(f)/D0 with decreasing f , as expected, be-
cause particles without PNIPAM never stick nor roll on
the surface. The value of Db = 0.73D0 that fits experi-
mental data should correspond to the equilibrium near-
wall hindered diffusion. The corresponding stationary
PDF is W (z) ∝ e−m˜gz/kBT , where m˜ is the buoyant
mass. The diffusion parallel to the surface at distance z
is D0/φ‖(z), where φ‖(z) is reported by [23–25]. We get
Db = Deff |f=0= D0
∫ W (z)
φ‖(z)
dz = 0.72D0, which is fairly
close to the best fitting value. Interestingly, taking into
account Van der Waals interaction we get Db = 0.44D0,
which is too low. This indicates that untethered col-
loids live in gravitational potential only, since the steric
shield prevents them approaching the surface and feel-
ing the VdW forces. If the calculation is extended to
partially absorbing walls implying finite flux solutions of
Fokker-Planck equation, we find that Deff(f) increases
linearly, as shown by dotted and dashed lines in Figure
2a), in disagreement with the experimental points, which
is an indication that model that ignores the possibility
of rolling cannot explain Deff(f). For a similar system,
the increase of D upon raising temperature above Tc has
been reported in [26] in equilibrium conditions, where the
phenomenon was attributed to electrostatic effects. This
interpretation cannot be applied to our case in which, for
high f , the particles spend most of their time away from
the surface, at distances much higher than the Debye
length.
In conclusion, the soft adsorption kinetics depend on
f over a single function α(f), which is a measure of the
number of discrete sticky patches within the soft contact
area during Brownian rolling, extending the theory of
Mani, Gopinath and Mahadavan [21]. At low/high f the
effective inter-patch distance is larger/smaller than the
contact diameter. From the point of view of PNIPAM
spots (Figure 3b) the trail of the rolling contact domain
crosses over from 1D to 2D, implying crossover of α(f)
from ∼ √f to ∼ f . Two most remarkable effects are (i) a
characteristic sigmoidal profile of the adsorption kinetics
due to aging, and (ii) a decrease of the in-plane diffusion
constant in pre-arrest Brownian dynamics with decreas-
ing f due to reduction of pre-adhesion rolling time.
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5SUPPORTING INFORMATION
We construct the rate equations for three fractions: 1)
the untethered fraction represented by the probability
Pb(t), 2) the fraction of rolling colloids of age τ , whose
probability to be found between the ages τ and τ + dτ
is Pr(t, τ) dτ , and 3) the population of colloids in arrest,
with the probability
Pa(t) = 1− Pb(t)−
∫ t
0
Pr(t, τ)dτ . (2)
The time zero is chosen to coincide with the onset of the
attractive interactions. Consequently, rolling particles
cannot be older than t. The rate equation for Pr(t, τ)
writes:
dPr(t, τ)
dt
= K(τ)
∂Pr(t, τ)
∂τ
+ δ(τ)κPb(t) +
− a(τ)Pr(t, τ)− b(τ)Pr(t, τ) , (3)
where K(τ) is the ageing speed, δ(τ) is Dirac function,
κ is the free sinking rate, corresponding to the fraction
of particles absorbed per unit time by a totally absorb-
ing bottom. It is determined from the stationary so-
lution of Fokker-Planck equation with z-dependent vis-
cous drag[22] and the potential energy given by a sum of
Van der Waals and gravitational terms. a(τ) is the re-
dispersion rate of rolling colloids of age τ back into bulk,
and b(τ) is the irreversible stopping rate of rolling col-
loids of age τ . The first term on the RHS reproduces the
homogenous ageing for K = 1, while the second term en-
sures that any newly sunk particle is a ”just born” rolling
one (τ = 0). It is essential to allow τ dependence in re-
dispersion and arrest rates a(τ) and b(τ): it is plausible
that older particles, with more sticking contacts, have
lower re-dispersion and higher stopping rates. The rate
equation for untethered colloids is
P˙b = −κPb +
∫ t
0
a(τ)Pr(t, τ) dτ , (4)
which, together with Eqs. 2 and 3, determines completely
the evolution of the system.
Since in our experiment the particles are unresolved
over τ , starting from Eq.3 a simplified equation is de-
rived, in which all rolling particles are represented by
Pr(t) ≡
∫ t
0
Pr(t, τ)dτ . (5)
We will suppose that the ageing is homogenous (K(τ) =
1) and that re-dispersion rate a(τ) and arrest rate b(τ)
depend on τ over characteristic aging time scale τ∗, al-
lowing us to write: a(τ) = koffΦ(τ/τ
∗) and b(τ) =
kχ(τ/τ∗), where Φ is a monotonically decreasing and χ
monotonically increasing function limited between 0 and
1. In order to obtain Eqs. (1) from the main text, we in-
troduce the effective ageing functions ρ and g as follows:∫ t
0
Φ(τ/τ∗)Pr(t, τ)dτ = ρ(t/τ∗)Pr(t) (6)
and ∫ t
0
χ(τ/τ∗)Pr(t, τ)dτ = g(t/τ∗)Pr(t) . (7)
These relations are purely formal and do not allow to
obtain the functions ρ and g from the original ageing
functions a and b. In this regard the present theory is
merely a phenomenology because the ageing functions
are not given explicitly by model parameters. However,
the relations 6 and 7 show that it is always possible to
recast the system of rate equations for Pr(t, τ), to the
system for the total number of rolling beads Pr(t), and
that the effective ageing functions ρ and g vary at the
same aging time scale τ∗ as the original functions a and
b. The equations (1) from the text are readily obtained by
integrating over τ the equation 3 and using the definition
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